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ABSTRACT
Evaluation and Development of Actuators for Lamina Emergent Mechanisms
with Emphasis on Flat Solenoids
Justin D. Black
Department of Mechanical Engineering, BYU
Master of Science
Lamina emergent mechanisms (LEMs) can provide a way to meet the demand for more
compact and inexpensive mechanisms. Previous research has developed LEM designs and identified applications for them, but many applications would benefit from suitable actuation techniques.
This thesis presents the design considerations and a variety of applicable methods for internal and
external LEM actuation in the macro scale.
Integrated LEM actuator possibilities have been identified, each with its advantages and
disadvantages depending on the application. Shape memory alloys are especially compatible with
LEMs. Traditional actuators have also been discussed as a way of actuating a LEM from the
outside for cases in which space constraints allow it.
The feasibility of new internal actuators using basic actuation principles, especially flat
solenoids, has been explored. The magnetic field distribution along the axis of a high-aspectratio solenoid has been derived. Analytical and experimental results show that the output force of
a high-aspect-ratio solenoid is suitable for LEMs. A pseudo-solenoid conceptual prototype was
manufactured and evaluated, revealing challenges for which solutions have been recommended.
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CHAPTER 1.

INTRODUCTION

This thesis explores LEM actuation by evaluating actuators and studying the feasibility of
new actuator designs. This chapter describes LEMs and the need to actuate them. It also describes
the parallels between LEMs and other compliant mechanisms, explains the types of actuation motion, and presents the suitability criteria for LEM actuators. Chapter 2 explores existing materials
for use as integrated actuators; chapter 3 discusses traditional actuators for use external to LEMs;
chapter 4 explores the feasibility of novel integrated actuator concepts; chapter 5 discusses certain
types of LEMs that would prove useful when actuated; and chapter 6 presents the conclusions and
recommendations for future work.

1.1

Introduction
Demand for more compact mechanisms is increasing, driven by tight space constraints,

weight reduction, economic feasibility, and other factors. To make a mechanism much more compact while maintaining or even improving functionality is a problem that is often difficult to solve.
Lamina-emergent mechanisms (LEMs) could provide a way to meet these constraints in many
cases. LEMs are a subset of compliant mechanisms that are manufactured from planar material
(lamina) and have a flat initial state, with motion emerging from their fabrication plane [1].

Figure 1.1: A MLEM crank-slider

1

As a subset of compliant mechanisms, LEMs share their advantages including low cost,
part reduction, and improved performance. They also offer the ability to achieve complex motion
with simple geometries, they are very compact, they can be manufactured by simple processes,
and they can be integrated with other systems. LEMs can take on single-layer or multi-layer form.
Figure 1.1 shows a multi-layer LEM (MLEM) crank-slider. Multi-layer LEMs use separatelymanufactured layers bonded together by their fixed or emergent faces. Multi-layer LEMs can
achieve more complex motion and can often be actuated through simpler inputs than single-layer
LEMs [2].
In addition to the properties of multi-layer LEMs, previous research has developed LEM
technology in many ways that have proven useful. Jacobsen et al. offered different ways to modify
the flexibility of layered materials [1] and also presented the Lamina Emergent Torsional Joint,
which allows LEMs to achieve larger deflections without changing the thickness of the base material [1]. Winder et al. performed a study of joints suitable for LEMs [3], thus further facilitating
the design of LEMs. Ferrell developed joints with specific application to metal LEMs [4]. The development and exploration of LEM joints was necessary in allowing for lamina emergent motion.
Once the fundamentals of LEM motion were developed, Albrechtsen et al. identified many potential applications for LEM technology [5]. However, this research has not focused on actuation
methods. The ability to actuate them is an essential step for further development and commercialization of many types of LEMs.
The objective of this research is to identify feasible approaches and develop design guidelines for integrated and external actuation of macro-scale LEMs. This thesis presents the results
of this research. We will describe how LEMs can be actuated by means of traditional and nontraditional actuators, discuss the properties and possible uses of many existing actuators, demonstrate actuation in prototypes, provide design guidelines for incorporating actuation technologies
into LEMs, and investigate the feasibility of specific new actuator designs including flat solenoids.
The considerations discussed in this thesis will allow designers to more effectively choose actuators for macro-scale LEM designs that will satisfy the need for more compact, high-performance
mechanisms.
Traditional actuators achieve their motion through many forms including electric, pneumatic, hydraulic, electrostatic, magnetic, and thermal. Bell et al. presented a thorough categoriza2

tion of actuators based on class and performance [6], and Huber et al. introduced performance
indices for a variety of actuators applicable to all scales [7]. This thesis draws from key aspects of
their research. Not all forms of actuation are compatible with macro-scale LEMs, and this research
focuses on those which are. More details on suitability are described in section 1.2.3.

1.2

Background
In the design of actuated mechanisms, several general characteristics are desirable for ac-

tuators. It is important to note that these characteristics often conflict, so designers must weigh the
options and compromise between conflicting objectives. The desirable characteristics include:
• High force
• Repeatability
• High displacement
• Motion controllability, and
• Low energy requirements
For LEM actuators, the following additional characteristics are also desirable:
• Low cost
• High flatness, and
• Simple manufacturing
Selection of a LEM actuator will require compromise between all of the above objectives.
The most basic categorization of an actuator for use with a LEM is whether it serves as
an integrated actuator within the LEM, or as an external actuator situated outside the LEM. Each
application has different advantages. The next chapters of this thesis present both integrated and
external actuators, followed by novel ideas for integrated actuators that use basic principles from
both.

3

1.2.1

LEM Parallels
LEMs have many parallels with microelectromechanical systems (MEMS). Both are cre-

ated from layers, both have a flat initial state, and both can achieve out-of-plane motion. Many
MEMS can be classified as LEMs if they are designed with compliant members and have emergent motion. With such strong parallels between them, MEMS could provide inspiration and
insight into the actuation of macroscopic LEMs.
MEMS are created layer by layer through deposition and micromachining processes such as
bulk micromachining [8] and surface micromachining [9]. A variety of MEMS actuators have been
developed. Some of the more common MEMS actuation techniques are electrostatic actuation [10],
thermal actuation [11], magnetic actuation [12], and piezoelectric actuation [13,14]. Some of these
MEMS actuation techniques are scalable and thus could be used with macroscopic LEMs. While
other MEMS actuation techniques are not currently achievable in the macro-scale, they could still
provide insight into innovative actuation approaches to be used in macroscopic LEMs. The MEMS
actuation techniques that are not scalable up to the macro-scale will not be emphasized in this
thesis. It is assumed that micro LEMs will use the same actuation techniques as those already used
in MEMS.
In-plane compliant mechanisms also have some parallels with LEMs. Both can be fabricated from sheet materials and both have an initially flat state. The main difference between
in-plane compliant mechanisms and LEMs is the motion. LEMs can achieve motion in three dimensions while in-plane compliant mechanism motion is two-dimensional (motion remains within
the plane of fabrication). Numerous in-plane compliant mechanisms have been created, a few examples of which are: contact-aided compliant mechanisms [15–17], linear motion mechanisms
[18–21], and micromechanisms [22–24]. All of the mechanisms presented in these citations have
motion that remains in the plane of fabrication. Thus, actuation in these examples typically occurs
as in-plane forces or moments are applied to the mechanism. In-plane forces and moments can
also be used to achieve motion in MLEMs and will be discussed in more detail later.

4

Figure 1.2: A multi-layer LEM crank-slider, where an in-plane force results in out-of-plane motion

1.2.2

LEM Actuation Motion Inputs
Since LEMs lie flat in their initial state, a force or moment must act on this planar geometry

to set the LEM into motion. Forces and moments applied to LEMs are classified as acting either
in-plane or out-of-plane. The geometric nature of LEMs is one reason for this distinction. Another
reason is that sliders in LEMs generally move within the plane of the mechanism in its initial state.
Also, many of the actuation approaches that will be presented later will be distinguished as to
whether or not they are capable of applying in-plane and out-of-plane forces and moments. The
preference for in-plane or out-of-plane actuation will depend on the application.
An understanding of the specific types of LEM motion allows easier categorization of actuators and opens doors to further insight in LEMs themselves. LEMs achieve their motion through
any of four basic inputs. These inputs are in-plane forces and moments and out-of-plane forces and
moments. In MLEMs, simple in-plane actuation can translate to emergent motion. For example,
an emergent crank-slider mechanism can be actuated by a linear slider attached underneath it in a
MLEM. By this method, a linear force input translates to an out-of-plane moment as illustrated in
Fig. 1.2.
Figure 1.2 shows an in-plane actuation force, while the other three input types are shown
in Fig. 1.3. Each actuator presented in this thesis can be distinguished in part by which types of
motion it can provide.
The single layer spring shown with the out-of-plane force in Fig. 1.3 can have layers added
to it to change its actuation method. By adding layers, the resultant MLEM can achieve the same
out-of-plane motion with a simple in-plane moment. Figure 1.4 shows a mechanism made of two
of these springs in series. This multi-layer spring is attached to the transparent top layer. A series
of three spherical multi-layer LEM crank-sliders are actuated by an in-plane moment. The crank

5

Figure 1.3: Three of the four LEM actuation motion inputs, from top left: out-of-plane force,
in-plane moment, out-of-plane moment (from [25]).

Figure 1.4: A MLEM composed of multiple crank-sliders, a spring, and a platform, where the
in-plane actuation moment is indicated by the arrow

sliders are not attached to the top layer, rather they are allowed to slide against the top layer as they
push up on it, applying an out-of-plane force that moves the spring in the z-direction.

1.2.3

Suitability Criteria for LEM Actuators
As a guide in this research, suitability criteria were developed which are useful in identify-

ing actuators that may perform well with LEMs. These criteria are described as follows:
1) The actuator must have enough displacement and force capability to be suitable for use
in macro-scale LEMs. Many parallels exist between microelectromechanical systems (MEMS)
6

and LEMs [25] but the focus here is on the macro scale. MEMS actuation techniques are usually
not scalable to the macro scale [25]. Based on the size and material of LEM prototypes used in
this research, desired actuator characteristics have been established as a displacement of at least
2 cm and forces of at least 1 N to judge an actuator as feasible. Using these desired values,
graphical data in [6, 7] generally indicate that SMA, hydraulic, pneumatic, electroactive polymer,
and solenoid-type actuators should be considered. This thesis will also consider electric motors as
actuators.
2) The actuator must be incorporable into the design of a LEM. This applies to integrated
actuators within LEMs, as well as to traditional actuators connected outside LEMs. An integrated
actuator system that requires more complex assembly methods than LEMs or an external actuator
system that is difficult to connect to a LEM would likely carry with it a cost and/or practicality
level inconsistent with LEM characteristics.
3) The actuator’s dimensions must be consistent with the planar nature of LEMs. This
criterion applies to integrated (internal) actuators only. Since their planar nature is one of the main
advantages of LEMs, an integrated actuator that conflicts with that planar nature would defeat its
purpose.

7

CHAPTER 2.

INTEGRATED LEM ACTUATION

Integrated actuation is perhaps the most useful and versatile form for LEMs since it can
be accomplished with a very compact overall package and can work for nearly any type of LEM.
Even for arrays that require peripheral actuation, flat actuators that normally would be integrated
as an internal part of the mechanism can be used around the periphery if space constraints demand. Some, though not all, of the most promising possibilities for integrated LEM actuation are
commercially available and have been used in various applications in research and industry.
This chapter builds upon work from [25] and discusses the properties and feasibility of
shape-memory materials, piezoelectric devices, and electroactive polymers. Some concepts are
more easily realizable than others. Certain technologies in their current state may not be ready
for LEM actuation, but may be in the future. Prototyping work with the devices described in this
chapter brought to light some challenges and opportunities associated with each selected approach.

2.1

Shape-Memory Materials
In the context of LEM actuation, the appeal of shape-memory materials lies in their ability

to undergo large displacements to regain their memorized shapes. In this process, some materials
exert greater forces than others. By far the most common types of shape-memory materials are
alloys and polymers, which are nearly similar in function but different in physical principles [26,
27].

2.1.1

Alloys Versus Polymers
Shape-memory alloys (SMAs) are commonly available in sheet and wire form, each of

which has a form factor that can work well for integration in LEMs. SMAs can be plastically deformed under stress at ambient temperature. When an SMA is heated above its transition temperature, the molecules in the metal rearrange to an austenitic state, causing the actuator to return back
9

to its original pre-deformed shape [28,29]. Some common SMAs are nickel-titanium, copper-zincaluminium, and copper-aluminium-nickel. SMAs are found in aerospace, transportation, medical,
and dental applications, and in consumer products such as glasses and golf clubs [30].
The elastic modulus of SMAs normally increases with temperature. In contrast, shapememory polymers (SMPs) exhibit a significant reduction in elastic modulus with increasing temperature. They are rigid, even brittle, well below their transition temperature but become soft and
compliant above the transition temperature [31]. Unlike SMAs, most SMPs are not plastically deformable below their transition temperature. Thus, SMPs must be deformed while heated to their
elastic state and held in their deformed state while cooling. They regain their original shape when
heated again, a concept called plastic memory.
In the context of LEM actuation, the practicality of SMPs is limited due to several reasons.
While SMAs can use an electric current to thermally actuate them, SMPs require a direct heat
source. Both SMAs and SMPs require an outside force to return them to their un-actuated position,
but SMPs also require continuous heat application to do so. SMAs provide much larger forces [26]
and faster actuation, both of which are highly favorable and necessary for LEMs.
The downsides of SMAs, relative to SMPs, have been documented in previous studies as
well. For example, their recoverable strain is much lower than that of SMPs, at approximately 8%
[27]. It should be noted, however, that this is the amount that an SMA contracts when energized,
and has little or no relation to bending ability. SMAs are not very precise due to non-linearities
and hysteresis in the shape memory effect [32]. SMAs are also relatively expensive and stiff, and
have a relatively inflexible transition temperature and demanding processing [27]. However, most
of these apparent disadvantages do not inhibit SMAs’ use for LEM actuation.

2.1.2

Feasibility of Shape-Memory Alloys for LEMs
SMAs offer flexible integration possibilities for LEMs by providing any of the four types of

actuation motion. Bent wires can provide in-plane forces or moments [25], 180◦ folded sheets can
provide out-of-plane forces and moments [25], and wire coils can provide in-plane or out-of-plane
forces. In certain configurations, a pair of coils can provide two-way actuation and even allow
moments [33, 34]. Hawkes et al. presented “programmable matter”, which is sheet material that is
folded 180◦ through the use of SMA actuation [35].
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SMAs provide high deflection and high forces. Unfortunately they require a bias spring or
two-way configuration that will allow them to return to their deformed state when cooled, unless
they are in a one-time-actuated LEM. Also they cannot repeat their actuation very quickly; they
must cool first. (The exception to this is that if an external force greater than the force exhibited
by the memory effect is applied to the heated SMA, then when this external force is decreased
or released, the SMA returns to its memorized shape. This is called pseudo-elasticity.) Cooling
can take varying amounts of time, depending on how much the SMA has been heated to actuate
and whether an active cooling system is present. A heat source can be prohibitive as well, but the
electrical resistance of the alloy can allow a simple electric current to heat it sufficiently to actuate.
Because SMAs are not very precise, if the motion range of a particular LEM is entirely controlled
by an SMA then it should not require movement to a precise location, but rather, from a start point
to an end point.

2.1.3

Experimental Results
Physical prototypes were constructed with the objective of evaluating the motion ideas

presented above. The purpose of these prototypes was to illustrate basic principles that can later
be modified for more specific and useful applications in LEM actuation.
Various thicknesses of SMA sheets and wires were used for this study. Thicker sheets and
wires are capable of exerting greater force, but are slower to actuate. Figures 2.1-2.4 show that
SMA sheets and wires were successful in achieving in-plane force and moment, and out-of-plane
force and moment. A heat gun was used to actuate the SMAs for these experiments, but a similar
effect can be obtained through electrical connections on the SMAs because the electrical resistance
in the metal causes heat buildup as described previously.
The best LEM applications for SMAs include those with one-time actuation (such as a
mechanism that is deployed after it reaches its destination), those that have only an actuated and
un-actuated position, and those into which a bias spring can be integrated for repeatable actuation.
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Figure 2.1: SMA wires used to achieve an in-plane force in a crank-slider mechanism

2.2
2.2.1

Piezoelectric Actuators
Piezoelectrics Background
Piezoelectrics are polarized when the material is strained (the direct piezoelectric effect)

[36, 37]. Likewise, piezoelectrics become strained in the presence of an electric field (the converse piezoelectric effect) [36, 37]. Some common piezoelectric materials are quartz, Rochelle
salt, lead zirconate titanate (PZT), barium titanate (BaTiO3), and polyvinylidene flouride (PVDF).
The phenomenon of their shape change occurs because of the kind of molecules that make up a
piezoelectric material. Piezoelectric materials are frequently used as sensors because of their precision in detecting small forces and electric potentials. Piezoelectrics are also commonly used as
actuators because the material can expand or contract depending on the direction of the electric
field [38].
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Figure 2.2: SMA wires used to achieve an in-plane moment in a spherical mechanism

Piezoelectrics have large output forces (relative to their displacement), have precise motion, and can be actuated at high frequencies. Piezoelectrics are often made in single or multiple
planar layers, making the geometric aspect of them compatible for use with LEMs. There are
two main ways that piezoelectrics are used in actuation: 1) a piezoelectric stack and 2) a multilayer cantilever beam configuration. This cantilever beam configuration is referred as a “bimorph
structure composed of two TE mode layers” [39]. Cantilever beam-type piezoelectric actuators are
commercially available. These actuators are quite flat and may achieve deflections large enough to
actuate LEMs in certain configurations.

2.2.2

Feasibility of Piezoelectric Actuators for LEMs
The most significant challenge arising from concept generation with LEMs for piezoelec-

tric actuation was the very limited available deflection. Companies providing piezoelectric devices
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Figure 2.3: SMA sheets used to achieve an out-of-plane force in a MLEM

Figure 2.4: A SMA sheet used to achieve an out-of-plane moment in a four-bar mechanism
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advertise up to 6 mm (0.24 in.) of deflection for a large trimorph cantilever1 , which could be useful in LEM applications. However, the vast majority of commercial piezoelectric devices provide
less than 3 mm (0.12 in.) of deflection. This deflection is insufficient for a typical macro-scale
LEM, which is why a motion amplifier or a stack would be more practical for applying direct
forces and moments. In the case of motion amplification, a piezo actuator’s output force, which
is already very low for macro-scale LEMs, would decrease further. The current level of technology in commercially-available piezoelectric products lacks the performance to achieve the desired
behavior.
One potential use for piezoelectric devices in LEM actuation, given their limited displacement, could be to use them in a trigger mechanism. A LEM component capable of large deflection
would be held in its deflected state by another component with small deflection. Upon activation,
the piezoelectric actuator would trigger the smaller component, releasing the larger component
and allowing the latter to return to its undeflected state. One inherent challenge is that, as part of
a LEM, either the larger component’s undeflected state would not lie in the fabrication plane or its
deflected state would only reach to another layer of the LEM.
Piezoelectric actuators are not considered one of the most feasible LEM actuators. Their
available motion could provide any of the four basic actuation inputs, but their force and deflection
are not high enough to directly move a macro-scale LEM as far as necessary. For LEMs, piezoelectric actuators could either provide a small displacement near the joint of a moving component,
or activate a trigger as described above.

2.3

Electroactive Polymers
Examples of electroactive polymers (EAPs) include dielectric elastomers (DEs), ferroelec-

tric polymers, liquid crystalline polymers (LCPs), and ionic polymer-metal composites (IPMCs).
Challenges exist for LCPs due to high transition temperatures and processing difficulties [40]. One
of the main difficulties preventing widespread study of LCPs is sparse availability due to their
complicated synthesis [41]. LCPs are normally used in micro- or nano-scale applications. IPMCs
exhibit large deformation with a small voltage input but exert very low forces [42] and their preparation requires involved laboratory work [43]. Additionally they must be kept moist or submerged.
1 See

the data sheet at http://www.piezoproducts.com/en/piezo-amp-piezoproducts/piezo-bending-actuators/
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Figure 2.5: The upper image shows a DE in its initial condition with no applied electric field. The
lower image shows it in its deformed condition as a result of an applied electric field [25].

Although most EAPs exhibit low forces and relatively slow actuation, some may prove feasible for
macro-scale LEM actuation after further research and development. Of these options, DEs seem
to be the most feasible EAP.

2.3.1

Dielectric Elastomers Background
Dielectric elastomers are composed of an elastomeric film that is sandwiched between two

compliant electrodes. When subjected to an electric field, the electrodes attract, which squishes the
elastomeric film and causes it to expand in the x and y directions and contract in the z direction (see
Fig. 2.5). This can result in strains of well over 100% [44–46]. Strains of this magnitude would
be sufficient for LEM actuation. DEs are considered good candidates for actuators in prosthetics,
robotics, optical devices, pumps, valves, sensors, and acoustics.
Dielectric elastomer films are usually made of silicone or acrylic material. These actuators
are most often planar in shape, making their form factor appealing for use with LEMs. DEs are
capable of fast response times, high strains, good actuation pressures, and high specific energy
densities [47]. One of the challenges of DEs is that they are not very precise. This is due to creep,
stress relaxation, and the viscoelasticity of the materials [48]. In terms of LEM actuation, these
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Figure 2.6: A DE used to achieve an in-plane force, where the direction of force is indicated by the
arrow [25]

materials are best suited for applying in-plane forces. Figure 2.6 shows how a DE could be used
as a LEM actuator applying such a force.

2.3.2

Feasibility of Dielectric Elastomers
One of the most promising materials for use as a DE is 3M™VHB™acrylic, due to its high

strain performance and energy density [46]. However, an experimental setup with these materials
presents several challenges that can prove inhibitive. These challenges include that the elastomer
must be pre-strained on a bulky support frame, and that a very high voltage (500V - 10kV) must
be applied [45]. The VHB™tape comes with a thickness of 1.0 mm, which must be reduced by at
least a factor of 10 to be useful. A compliant electrode such as carbon grease must be applied on
both sides, and an electrical connection must be maintained on each side for polarization.
Considering these needs, the current state of available DE technology does not lend itself to
practical implementation in LEM actuation. However, research in this field is increasing and will
likely lead to improvements in the practicality of this material or other DEs for LEM actuation.

2.4

Summary of Integrated LEM Actuator Characteristics
Different characteristics specific to each LEM will play into the decision of which type of

integrated actuator to use. These characteristics include: the size of the LEM, the force required
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Table 2.1: Characteristics of three selected integrated actuator concepts
Actuator

Actuation
Trigger
Shape Memory Alloys Thermal

Piezoelectrics

Electrical

Dielectric Elastomers

Electrical

Common
Materials
Ni-Ti
Cu-Zn-Al
Cu-Al-Ni

Compatible
Relative
Ways to
Form Factors Precision
Move LEMs
Sheet
Low
In-plane:
Wire
forces & moments
Out-of-plane:
forces & moments
Quartz
Sheet
High
In-plane:
Rochelle salt
forces & moments
BaTiO3
Out-of-plane:
PZT
forces & moments
PVDF
Silicones
Sheet
Low
In-plane:
Acrylics
forces

to actuate the LEM, the force required to interact with the LEM’s surroundings, the maximum
deflection of the LEM, the material(s) from which the LEM is made, and the thickness of the
layer(s). Characteristics specific to the actuator must also be taken into account such as: what
form of energy triggers the actuation, the material from which the actuator is made, actuator form
factors compatible with LEMs, the precision of the actuator, and the type of forces and moments
achievable with the actuator. Table 2.1 summarizes the actuator-specific characteristics of the
integrated actuators discussed in this chapter. This table may be useful for reference to designers
when trying to decide the best type of LEM actuation to use with a specific design.
Each of these selected actuation approaches has advantages and disadvantages, which
would be helpful to weigh when considering any specific type of LEM actuation. As a result
of study and prototyping, six key factors relating to the practicality of each actuator became apparent. Table 2.2 compares the actuators, showing how strongly each factor applies to each actuator.
Each factor was evaluated qualitatively because that is more useful for the focus of this research,
and helps point out the relative advantages and disadvantages. Numerical evaluations in these categories, as well as for force vs. deflection, fatigue, etc., in most cases would be highly variable
depending on the actuator specimen (e.g. each type comes in several sizes), and are not valuable
within the scope of this research.
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Table 2.2: Practical aspects of three selected integrated actuator concepts
Actuator
Shape Memory Alloys
Piezoelectrics
Dielectric Elastomers

Affordability Compactness
Med
Low
High

High
High
Med
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Actuation
Frequency
Low
High
Med

Deflection
High
Low
Med

Ease
Ability
of Use to Reset
High
Low
Med
High
Low
Med

CHAPTER 3.

EXTERNAL LEM ACTUATION

This chapter describes the most familiar forms of actuation and how they can be used with
LEMs. If the space around the periphery of a LEM is not as constrained as the space occupied by
the LEM itself, then traditional actuators such as pneumatics, solenoids, rotary motors, and linear
motors can be used outside the mechanism, with extensions to reach inside. Depending on the costs
of individual actuators, this method may save on the overall costs of a system when compared to
integrated actuation. This is because the manufacturing process may be simplified without the need
to integrate actuators within the LEM. This external actuation arrangement could prove especially
useful for arrays (see [5]), which normally would be best actuated along the periphery and use
fewer actuators than the number of array cells.

3.1

Pneumatics
Pneumatics can be used outside the periphery of a LEM, with hoses connecting a com-

pressed air source to the LEM, and channels through the LEM’s middle layers leading to the
actuated component. This can provide either an in-plane force on a slider or an out-of-plane force
for a deploying layer. Arguably, both in-plane and out-of-plane moments could also be achieved
by the same methods.
The in-plane force configuration may not require any extra materials in the LEM, provided
that the actuated slider is not the top or bottom layer. In other words, the layers above and below
the slider could contain the air. The out-of-plane force configuration would require a thin, flexible
sealing material that is resistant to air penetration to surround the ground layer and deploying
layers, forming a chamber in which to contain the air while the emergent component is actuated.
When compared to other external actuation methods, one advantage of pneumatics is the
flexibility of the path of air travel from the actuator to the actuated LEM component. This path can
rise or fall, switch layers within the LEM, go around corners, and avoid obstacles.
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In addition to custom pneumatic systems as described above, standard commercially-available
pneumatic actuators (those in which compressed air moves a solid component) can be used. These
come in linear and rotary form, and can be interfaced with extended sliders from the outside of a
LEM to provide high actuation forces.

3.2

Solenoids
The plunger of a standard linear solenoid could be attached to a slider at the edge of a

LEM. For guided-cell arrays, the slider would have an attachment point under each array cell. This
interface could apply for push-type, pull-type, or two-way solenoids, depending on the desired actuation direction(s) of the slider. In this application, the advantages of a solenoid are its simplicity
and low cost.

3.3

Electric Motors
A gear attachment on a traditional rotary electric motor can act as the pinion in a rack-and-

pinion system, while the rack would form an extended slider to reach into the LEM, providing
an in-plane force. This setup could easily provide actuation in both directions by reversing the
electric current through the motor. Other advantages would include high displacement ranges and
the ability to control intermediate positions. In the case of a guided-cell array, the cell positions
would be almost infinitely variable.
A traditional linear motor could have an extension attached to the forcer, providing bidirectional in-plane forces for sliders in LEMs. Linear motors are often more expensive than other
traditional actuators. However, the advantages of a linear motor include precision and, potentially,
a relatively low profile compared to other actuators. Similar to rotary motors, linear motors would
provide full control of intermediate displacements, allowing any degree of mechanism actuation
desired.

3.4

Summary
Most types of traditional actuators can be used outside LEMs if space constraints allow.

Extensions would provide the connection into the LEM. The most applicable type of LEM for
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this configuration is an array comprising multiple rows and columns of actuated cells. As with
integrated actuators, each traditional external actuator has advantages and disadvantages. Any
design will involve compromise between conflicting objectives, for example between affordability
and precision. A designer should use his judgment based on the design goals.
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CHAPTER 4.

FEASIBILITY OF NOVEL INTEGRATED ACTUATORS

Having discussed both traditional (external) and integrated (internal) actuators, a combination of both concepts can lead to novel ideas that apply certain principles of each type. This
chapter discusses adaptations of traditional actuators in an attempt to combine some advantages of
both traditional and integrated actuators and satisfy the suitability criteria. There is appeal in the
idea of finding or creating a LEM-appropriate integrated actuator that achieves force through the
basic principles of electromagnetic force or magnetic flux, providing the movement capabilities of
a traditional actuator and dimensions near those of an existing internal actuator. A novel, purposebuilt integrated actuator could negate some of the disadvantages of traditional actuators in LEMs.
This chapter discusses the feasibility of flattening linear motors and solenoids.

4.1

Linear Motors
Linear electric motors use electromagnetic forces to drive a forcer in a straight line. The

forcer is the moving component analogous to a rotary motor’s rotor. In the context of LEMs, a
linear motor would provide an in-plane force. Theoretically it may be possible to create one that
is flat enough to internally actuate a LEM. Linear motors are available in many configurations,
each with its own advantages. An important consideration in the design of an electric motor is
its “goodness,” a rating that is fundamental to all electromagnetic devices, as described by E. R.
Laithwaite [49]. He showed that the force of an electromagnetic machine is directly proportional to
the product of current and flux, or equivalently, inversely proportional to the product of resistance
and reluctance. Multiplying by the angular frequency of the supply (ω) and expressing resistance
and reluctance in terms of lengths, areas, and conductivities (σ and µ) of the electric and magnetic
circuits, the “goodness” is expressed in the following equation:


ω
Ae Am
G=
= (ω µ µ0 σ )
(le /σ Ae )(lm /µ µ0 Am )
le lm
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(4.1)

Part of forcer

Ae
lm

le

Am
Section view
Top of stator
element

Side of stator
element

Figure 4.1: Basic arrangement of a stator element in a linear motor, showing the magnetic circuit
(red) and electric circuit (green).

The quantities of the first bracket could be described as fixed by nature [49], so a designer
may manipulate the quantities in the second bracket, attempting to make the greatest possible
areas and minimum circuit lengths. Figure 4.1 shows the magnetic and electric circuits in a stator
element, facilitating visualization of how the flattening of the system would decrease the magnetic
circuit length and electric circuit area. While the flattening of a linear motor may benefit the
magnetic circuit (by maintaining the area and decreasing the length it must travel through the
stator and forcer), the electric circuit would be adversely affected due to a decreased available coil
area and maintained length. Unfortunately, the negative effect outweighs the positive because the
change in area has a stronger effect than the change in length, so a flatter linear motor would have
a decreased value of G. For this reason and others, a linear motor becomes less and less effective as
its thickness is reduced. Detailed discussion of the design and operation principles of linear motors
can be found in [49–51].
Linear motors are commercially available with combined forcer and stator thickness as low
as 0.5 in (1.3 cm). Custom jobs for lower-profile linear motors were estimated by a provider to
cost thousands of dollars, yield low output forces, and yet could not provide a thickness as low
as desired. Thus, ultra-low-profile linear motors are deemed a poor candidate for integrated LEM
actuators, although traditional linear motors may serve well if situated externally (see Sec. 3.3).
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4.2

Solenoids
The term ‘solenoid’ generally refers to a tubular coil of wire. When current passes through

the wire, a magnetic field is generated with a much larger flux density inside the coil than outside
[52]. The magnetic energy inside the coil is capable of driving a plunger of magnetically permeable
material, resulting in a linear actuation force.
In general, the magnetic field (or flux density) inside a traditional circular solenoid, with
units of Teslas, is described by Eqn. 4.2:
B = µnI

(4.2)

where µ is the magnetic permeability of the core material, n is the number of coils per meter, and
I is the current passing through the coil. From this magnetic field, the maximum electromagnetic
force (in Newtons) produced is generally described by the following equation [52]:
F=

B2 A
2µ0

(4.3)

where A is the cross-sectional area enclosed by the coil and µ0 is the magnetic permeability of free
space.
These general equations are intended for cylindrical solenoids, i.e. those with round crosssection. Due to their geometry, such solenoids have optimal distribution of magnetic field inside
the coil and should yield the most effective output for a given input current or coil density.

4.2.1

Investigation of Flat Solenoids
Although the vast majority of solenoids in use today are cylindrical, rectangular solenoids

have been used for specific purposes, e.g. [53,54]. The magnetic field inside a rectangular solenoid
is not ideally distributed, so the solution to Eqn. 4.2 would be decreasingly accurate with solenoids
of increasing-aspect-ratio cross sections. With decreased efficiency likely lowering the internal
magnetic flux density, it follows that the high-aspect-ratio shape would yield a lower magnetic
force as well. Nevertheless, the idea of a high-aspect-ratio rectangular solenoid that could be
integrated in a LEM for actuation was investigated to find whether it could feasibly be executed.
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Round section

Straight-wire section

Figure 4.2: End view of a high-aspect-ratio rectangular solenoid, subdivided for analysis. The top
image shows where the division lines are cut, and the lower images show the equivalent resulting
sections.
Very little is documented about flat or high-aspect-ratio solenoids, likely due to a lack of demand
for them in the past.

Magnetic Field for Rectangular Solenoids
Because Eqn. 4.2 is deemed as decreasingly accurate for solenoids of increasing aspect
ratio and cannot predict their magnetic field with any confidence, a new method for estimating
the magnetic field in such solenoids was derived. The cross sections of non-square rectangular
solenoids can be subdivided for analysis, as shown in Fig. 4.2. At each end of the section, the wire
is essentially rounded into a half-circle. These two half-circle subdivisions can be combined for
analysis as a round solenoid for the magnetic field calculation. This calculation can be performed
with Eqn. 4.2. The subdivision containing the straight segments of wire can be analyzed using a
form of the equation for the magnetic field about a wire. The basic form of this equation is shown
in Eqn. 4.4:
B=

µI
2πr

(4.4)

where r is the distance from the wire to the object acted upon. Because multiple wires cover a
certain coiled length and lie at varying distances from the plunger, an integration over the length
of the coil can be performed to find the magnetic field distribution, taking into account the density
of the coil.
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This method uses a few assumptions. Given that the energy of a magnetic system in a
~ · ~B and the force is F = −∇(M
~ · ~B), the first assumption
magnetic field can be described by E = −M
~ the magnetization, is constant or independent of plunger position. Under this assumption,
is that M,
we can show a trend in F by finding B. The second assumption is that the magnetic field in the
entire plunger is proportional to the field acting on a point in the center of the plunger, and can be
approximated at this center point.
One pair of integrals can show the field distribution within the straight-wire subdivision
from the center to the end of the coil, while a separate integral finds the field distribution along
the axis outside the coil. Using the second assumption above, the magnetic field calculated at each
point along the axis is acting on the center of the plunger, so the plunger moves along between the
limits of integration. Equation 4.4 was adapted to show the magnetic field inside the coil due to all
the wires, resulting in Eqn. 4.5, with constants factored outside the integrals:
µI
Bi (x) = 2
2π

  Z r

Z r2
1 1
N
1
dr +
dr
L
r0 r
r0 r
  

µI N
r1 r2
=
ln
π L
r0

(4.5)

where the factor of 2 at the beginning is due to the influence of both the upper and lower sections
of the coil.
For a given solenoid, the first limit of integration r0 is a constant representing the average
vertical distance from the center of the plunger to the wires. This relates to the third assumption
which is that the magnetic permeability for the equation should be a weighted average permeability
along r0 , where part of that distance is through the plunger and the rest of that distance is basically
free space (see Fig. 4.3). The component of r0 that is not within the plunger is referred to as the
“free-space gap.”
The other limits, r1 and r2 , are the distances to the left and right ends of the coil, respectively, which vary based on position along the axis. Inside the coil, these distances are defined
using the Pythagorean theorem as follows:
q
r1 = r0 2 + (d + x)2
q
r2 = r0 2 + (d − x)2
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(4.6)
(4.7)

x

d

Coil

r0

r1

r2

Plunger

Figure 4.3: Cutaway side view of a solenoid, showing the limits of integration for the field inside
the coil. The support structure and the lower section of the coil are omitted for simplicity.

where x is the axial distance from the center of the coil and d is L/2 or half the length of the coil.
Outside the coil, using a similar method as for eqn. 4.5, the magnetic field distribution is
estimated by:
µI
Bo (x) =
π

 Z r
2 1
N
dr
L
r1 r

(4.8)

where r1 and r2 are the same as previously.
Using the above equations, the magnetic field distribution in a 400-turn solenoid of length
43 mm with an iron plunger of aspect ratio 31 is shown in Fig. 4.4. The graph starts at the center
of the coil where the magnetic field is at its peak. The bump in the center of the graph is due to end
effects in the r1 and r2 equations at the transition from inside to outside the coil. This bump should
be disregarded as it does not represent the actual situation. Later for the peak force calculation,
only the peak flux density is used.
After finding the magnetic field distribution, the force exerted due to the field from the
straight portions of wire onto the corresponding length of the plunger is estimated by Eqn. 4.3,
replacing µ0 with the actual µ representing the weighted average permeability as described above.
This force result is added to the force calculated from the circular subdivision of the solenoid cross
section. The permeability for Eqns. 4.2, 4.3, 4.5, and 4.8 is a weighted average permeability
accounting for the thickness of the plunger and the free space that together comprise r0 .
It should be noted that Eqn. 4.3 is an approximation generally used for round solenoids
and it does not take into account the magnetic field leakage, reluctance of the core, shape, or other
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Magnetic Flux Density in High Aspect Ratio Solenoid
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Figure 4.4: Plot of the axial magnetic field (flux density) distribution of the high-aspect-ratio
solenoid prototype with the iron plunger. The bump in the middle is due to end effects in the
r1 and r2 equations and would not actually appear.
factors that may be important for individual solenoids. For this reason, the best way to know the
force of a given solenoid is to test it. The magnetic force equation is used here as an estimation, but
it may not accurately predict the output force obtained for all solenoids. It is used to find trends, as
described below, but these trends should not be interpreted as numerically exact.

Feasibility Trends
The above-derived magnetic field equations can be used to more generally judge the feasibility of flat solenoids. To this end, trends were calculated by varying key parameters while
maintaining others fixed. The first trend, shown in Fig. 4.5, shows how the calculated force of
solenoids would vary with coil density. Because lower-density coils are more feasible for LEMcompatible dimensions and manufacturability, this trend shows the impact of a decreasing coil
density on the actuation force output. The coil densities were calculated for solenoids of 4.3-cm
length (as the prototypes described later), starting at 50 total coils and ending at 400 coils. The
high-aspect-ratio trend uses an iron core with an aspect ratio of 31 and a cross-sectional area of
1.23 x10−4 m2 . The trend for circular solenoids uses this same cross-sectional area.
One primary cause of the difference in force outputs for circular vs. high-aspect-ratio
solenoids in this trend is that the circular solenoids have a much thicker plunger. At a given
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Figure 4.5: Trend of actuation output force for varying coil densities, both for circular and highaspect-ratio solenoids

coil density, the free-space gap for the circular and the high-aspect-ratio solenoid is assumed to
be equal. It follows, then, that the circular solenoids with their thicker plungers would have a
higher average µ, and in turn a higher flux density, which yields a higher force. The output force
discrepancy between circular and high-aspect-ratio solenoids increases with coil density. Thus
the relative disadvantage of a high-aspect-ratio solenoid is much less when the number of coils is
lower, and at the lowest coil number analyzed, the output force for high-aspect-ratio and circular
solenoids is nearly equal. Although this low coil density is desirable for its simple manufacturing
and mechanism integration possibilities, it may not provide sufficient force for LEMs. A solenoid
for LEM integration should have as high of coil density as possible, which may require multiple
layers of coils. This is further discussed near the end of this chapter.
The second trend, shown in Fig. 4.6, shows how the calculated force of a rectangular
solenoid would vary with increasing aspect ratio. Because high-aspect-ratio solenoids are more
feasible for LEMs, this trend aims to illustrate the effect of increasing aspect ratios on output force
versus a circular solenoid. Hence, the output force is shown as a ratio. The coil length is again
4.3 cm, with 200 turns (half that of the prototypes). The cross-sectional area is 1 cm2 and the
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free-space gap from the top of the plunger to the average wire position is assumed to be 3 mm for
all specimens in this graph.

Force Ratio (Compared to Round Solenoid)

Force vs. Aspect Ratio
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Figure 4.6: Trend of actuation output force for varying aspect ratios, as a ratio of round-solenoid
force

In the figure it is visible that at lower aspect ratios the relative disadvantage between them
is larger than at higher aspect ratios. For example, the lost actuation force in going from an aspect
ratio of 4 to 9 is greater than the loss in going from 9 to 16. Thus it appears feasible to increase the
aspect ratio to high levels and maintain reasonable output force.

Experiment With Custom Solenoids
An experiment was performed to validate the analytical results and estimate the effects of
increasing aspect ratios on the force output of a solenoid. Three rectangular-core solenoids of
equal length and coil number were built with varying cross-sectional aspect ratios. Each model
has 400 coils over a coiled length of 4.3 cm. The plunger materials and dimensions, as well as the
solenoids’ peak forces and free-space gaps, are shown in Table 4.1. As visible in the table, some
of the plungers have nearly the same cross-sectional area and some have similar aspect ratios.
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Figure 4.7: The three solenoid prototypes that were tested

Although the plungers are rectangular, the coils are rounded at the ends as shown in Fig. 4.7. This
is due to the limits in bendability of the wire, as well as the stacking effect of concentric coils.

Table 4.1: Properties of solenoid prototypes where HAR = high aspect ratio
and MAR = medium aspect ratio
Solenoid Plunger Material Cross-Sectional Aspect Ratio Free-Space Peak Force
Area [m2 ]
of Plunger
Gap [mm]
[N]
HAR
Steel
1.98 x10−4
19.6
3.9
0.748
−4
Iron
1.23 x10
31.4
4.5
0.709
MAR
Steel 1
1.31 x10−4
11.1
4.9
0.580
−4
Steel 2
1.23 x10
12.2
4.9
0.556
−5
Iron
7.60 x10
19.4
5.5
0.542
Square
Steel
9.03 x10−5
1.0
5.0
0.349

As shown in the table, two plunger materials were used. The mild steel plungers were
cut from one piece (with the exception of the second steel plunger for the medium-aspect-ratio
solenoid), and the magnetic iron plungers were also cut from one piece. This way, the permeabilities between sizes are as consistent as possible. The steel plungers for the medium-aspect-ratio
solenoid have about the same cross-sectional area as the high-aspect-ratio iron plunger. The base
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material for the magnetic iron plungers was not thick enough for an equal-area plunger for the
medium-aspect-ratio solenoid.
The experiment used an Instron testing system upon which each solenoid was mounted
individually. Bluehill software was used to set up and run each test. Each plunger specimen was
longer than the coiled length. The plungers were each connected to the moving arm of the force
gage and started testing at a position approximately centered in the solenoid. In other words,
the ends of the plunger protruded beyond both ends of the coil. A DC power supply provided a
constant current of 1.5 A to each solenoid for testing.
In the test, each plunger was lifted through 80 mm of displacement, ending with at least
10 mm of clearance above the coil. As the end of the plunger left the coil near the end of the
test displacement, the force decreased asymptotically. This horizontal asymptote represented the
combined weight of the plunger and the adapter through which it is attached to the force transducer.
This weight was subtracted from the force data before plotting the data.
Three of these data sets were chosen to display: “Solenoid 1” is the high-aspect-ratio iron;
“Solenoid 2” is the second medium-aspect-ratio steel, and “Solenoid 3” is the square solenoid with
a steel plunger. The data are shown in Fig. 4.8. The two non-square solenoids shown are those
whose plungers have equal cross-sectional area. The peak force occurred when the end of the
plunger was centered in the coil.
As described previously, the magnetic force equation may not accurately predict the output
force of all solenoids, and not all solenoids in this study produced the output force predicted by the
equation. For the tested solenoids whose forces were plotted in 4.8, the peak force was matched
with the theoretical equation and the magnetic permeabilities of the plunger materials were estimated through back-calculation. Results showed logical and expected permeability values.
While the trend described previously shows that the higher-aspect-ratio solenoids should
achieve less output force, in the experiment the higher-aspect-ratio solenoids achieved higher
forces. This is due to discrepancies in several other variables besides aspect ratio. The graph
of experimental results shows that many parameters influence the output force. The first reason that the higher aspect ratios in the experiment achieved higher output forces is that, for the
plungers with equal cross-sectional area, the high-aspect-ratio plunger is iron while the mediumaspect-ratio plunger is steel with a lower permeability. Second, the square plunger has a lower area
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Figure 4.8: Force vs. displacement of three assorted solenoid prototypes

which yields lower force. The last reason is that the higher-aspect-ratio solenoids had decreasing
free-space gaps, due to their construction. Solenoid 1 performed well due to its higher-permeability
plunger and smaller free-space gap. However, the aspect ratio has no direct effect on the free-space
gap under normal circumstances, so the trend shown previously was calculated with a constant gap
value. The free-space gap has a very strong influence on the output force – much stronger than aspect ratio – because it controls the average value of µ. An ideal solenoid with zero space between
the wires and the plunger surface would have a value of µ equal to the plunger’s actual magnetic
permeability, and would achieve the highest output force.
To compensate for the many variables between each solenoid in the tests and to validate the
results, their parameters were analyzed with fewer inequalities between them. The trend shown in
Fig. 4.9 shows the high- and medium-aspect-ratio solenoids, assuming they both have iron plungers
of the same cross-sectional area and magnetic permeability. It shows (1) that the free-space gap
has a strong effect on the output force, and (2) that a lower-aspect-ratio solenoid maintains higher
output force for a given free-space gap. The only reason for the difference in output force is the
aspect ratio. This trend agrees with the trend of force versus aspect ratio, shown previously. It also
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Figure 4.9: Trend of actuation output force for varying free-space gaps in the solenoid prototypes,
with permeability and cross-sectional area set equal

clarifies what may be confusing in Fig. 4.8. Note that free-space gaps lower than 3.5 mm were not
evaluated for this graph because they are deemed less feasible with this high coil density.

4.2.2

LEM Pseudo-Solenoid
Taking the solenoid concept further, a solenoid may potentially be constructed with sim-

ilar manufacturing processes as a LEM, eliminating the need to wrap a copper wire. A LEM is
manufactured from one or more monolithic layers. Although our prototypes are currently lasercut, higher production levels could be achieved with stamping in dies. A similar manufacturing
process for a solenoid pseudo-coil would involve cutting or stamping copper plate into strands or
“wires” with a design similar to a coil, meaning the strands above the core are slightly angled in
one direction, and those below the core are angled in the opposite direction. These two sets of
strands would be connected at their ends along the outside edges of the iron core to complete the
pseudo-coil.
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Figure 4.10: A cut copper plate for the LEM pseudo-coil. Notice that the strands are at slightly
offset angles relative to the outer edges.

As a conceptual feasibility study, a small functional prototype was built to test this manufacturing idea using two sections of copper plate with a thickness of 0.032 in. (0.81 mm). The
plates were cut by wire EDM into a comb-type shape with all the strands joined at one end (see
Fig. 4.10). The overall length of the strands was about 30 mm. In an effort to find a balance
between manufacturability and reasonable turn density, the strands were 1 mm apart. To minimize
prototyping time and expense, the coil was designed with just 20 strands, yielding a total coiled
length of 20 mm. After cutting, the strands were held in position relative to each other by slick
Teflon-coated tape on one side so that, after assembly, the plunger could easily slide along the tape.
Epoxy was applied on the other side of the strands to provide a spacer and insulating layer between
each strand and outside them. The joining component (or “comb handle”) was cut off with a shear
and both ends of the strands were bent approximately 90◦ with a bending brake device. Both
pieces were then joined around an iron core by soldering the corresponding strands at their ends.
The result is shown in Fig. 4.11.
Many challenges arose while manufacturing this pseudo-solenoid by hand. One challenge
was that the strands on one of the plate sections were bent due to high water flow in the wire EDM
and had to be bent back to approximately their correct position by hand. As another challenge, it
was desired to use solder paste for the strand ends which would be cured by heating in an oven,
but there was no way to hold the strands in their exact places for baking. A few methods were
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Figure 4.11: The finished pseudo coil with integrated iron plunger. The ends are bent for ease of
connection to a power source.

considered but after consultation with engineers who have experience soldering micro-joints and
other small items, a certain hand-soldering method was chosen.
The iron plunger was placed in position between the half pseudo-coils. To give the plunger
some clearance within the pseudo-coil, a thin spacer was temporarily added on top of the plunger.
For this spacer, care was taken to use a material that could withstand the heat of soldering, and
aluminum was chosen. Tape was applied temporarily to secure the half pseudo-coils to the plunger
and spacer for soldering the strands. For the soldering process, small pieces of aluminum foil were
temporarily placed on both sides of individual strand tips to isolate them so that the solder material
would not overlap from one strand to the next. These aluminum spacers were folded outward from
the adjoining strand tips to provide space for the soldering iron and protect the adjacent strands.
The heat from the soldering iron made the epoxy very pliable which altered the distance between
adjacent strands. Due to this and the bending from water flow as mentioned above, many strands
to be soldered together had a slight lateral offset relative to each other. An advantage of applying
the temporary spacers was that they could overcome this offset by pushing strand tips to the correct
location laterally.
After soldering and as a precaution, small sheets of paper were inserted between each strand
to check for solder bridges that would join adjacent strands. In addition, each soldered joint was
checked for continuity by the use of a multimeter connected around both sides of the joint. By this
same method, continuity in the entire pseudo-coil was also checked by connecting it from end to

39

end in the multimeter. It was found that after handling, even though it was gentle, a few soldered
joints disconnected and had to be re-soldered.
Other factors became apparent regarding the practicality of the pseudo-coil. The angle of
bend for the ends of the strands should be as close to 90◦ as possible so that they join on their
flat sides, not on points. Each half of the pseudo-coil must be bent at the same length so that the
strands can properly join at both ends.

The Pseudo-Coil as an Electromagnet
A pseudo-coil similar to that described above could be potentially be used to create electromagnets, fixed to their iron cores rather than with moving plungers. This would more efficiently
take advantage of the magnetic energy present in the coils. Multiple such electromagnets in series,
guided by linear tracks and with no mechanical connection between them, could provide linear
actuation forces for LEMs. This force would be achieved by applying alternating polarities to each
electromagnet in the series, causing a repelling force between each and thus spreading them apart.
From this state, reversing the polarity of every other electromagnet (so that they are all the same)
would cause an attractive force to bring them back together. It is assumed that the actuated state of
the mechanism would carry deflection stress so that the electromagnets would not push themselves
too far apart, thus allowing them to attract each other again when their polarity dictates.

Feasibility of the LEM Pseudo-Solenoid
The pseudo-coil manufacturing process utilizing two copper plates was proven feasible.
Electrical current passes through this coil in the same spiral manner as in a traditional solenoid.
Although the hand manufacturing process was challenging, in commercial applications this could
be automated and greatly simplified.
The pseudo-solenoid was tested in a similar manner as the three solenoid prototypes described previously. It was found that when attempting to make such small force measurements
on a solenoid, the testing fixture is best if custom built to tight tolerances. This way, scraping of
the plunger inside the coil could be minimized or eliminated. For an input current of 1.5 A, this
pseudo-coil can achieve a peak output force of about 10 mN. This force output was as expected
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from calculation. The primary purpose of the pseudo-coil prototype was to test the manufacturing
configuration and, once proven successful, to provide a baseline off which to develop pseudo-coils
with suitable force outputs.
Although the output force from this specimen is not a practical level for integration in
LEMs, suitable actuation forces can be attained by breaking down the magnetic field and force
equations. To maximize the output force, each term from the equations should be considered as
follows:
• Force output can be raised by increasing the coil density (n). This can be accomplished
by spacing the strands closer together (perhaps reducing the size of each strand) and/or by
adding more layers of strands. This is perhaps the most important improvement necessary
in this case. However, the addition of layers would create an increased thickness and higher
free-space gap so the layers should be as thin as possible.
• The magnetic permeability (µ) of the plunger can be increased through annealing. The
annealing process can often increase the permeability by more than an order of magnitude. Alternative ferromagnetic materials should also be considered, including permalloy,
supermalloy, mu-metal, Nanoperm®, and Metglas® alloys. These materials exhibit relative
permeabilities ranging from approximately 8000 to 1,000,000, which would vastly increase
output force.
• The electrical current (I) passing through the coil can be increased up to the capacity of the
wire or strand. Thicker wires or strands have greater the current capacity, so this will involve
compromise in the design process.
• A wider pseudo-solenoid (with longer strands) would have a greater cross-sectional area (A),
yielding a proportionally higher force.
• The free space between the strands and the plunger should be minimized, with a maximum
possible portion of r0 being occupied by the plunger rather than air, support structure, or
coils.
• An automated manufacturing process may be capable of bending and clamp-fitting the strand
ends together which would be much simpler than soldering.
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As some of the above methods will increase the magnetic field strength (according to the magnetic
field equations), it should be noted that magnetic materials have a limited capacity for magnetic
field strength before reaching saturation, at which point their magnetization cannot increase further.
A designer must be aware of the saturation point of the plunger material and design for ways to
approach that point without wastefully surpassing it. As an example, iron reaches saturation at
approximately 1.6 T.
An example of parameters that should achieve a 1 N force from a LEM solenoid is as
follows:
• Coil density of 160 strands per 50 mm length, or n = 3200
• Plunger magnetic permeability of 400
• Plunger cross section of 3 x 47 mm
• Free-space gap of 2 mm
• Electrical current of 2 A through the coil
Naturally the above parameters can be varied according to a designer’s judgment, increasing the
value of some variables while decreasing others. The values above are only an example of a
feasible configuration.
In summary, the experience with this pseudo-coil teaches us that a copper plate cut into
strands can indeed compose a series of current loops functionally equivalent to a solenoid. Although hand manufacturing processes may be difficult, automated processes could likely simplify
the process greatly. Although the output force for the prototype is very low, many ways have been
discussed to increase the output force to levels that are more compatible with LEMs.
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CHAPTER 5.

ANALYSIS OF SELECTED CONCEPTS FOR ACTUATED LEMS

As mentioned previously, many potential applications for LEMs have been devised [5].
Some are more likely to require actuation than others. Among those that are likely to require
actuation, two basic types of mechanisms stand out as potentially the most useful due to their
variety of possible uses and anticipated higher demand. These are deploying-layer LEMs and
guided-cell arrays. Gollnick [55] presented three concepts for deploying-layer LEMs and worked
on a guided-cell design. This chapter analyzes the advantages and disadvantages of each, discusses
design considerations, and proposes new designs.

5.1

Deploying-Layer LEM
A deploying-layer LEM consists of multiple layers. As the name suggests, these mecha-

nisms increase the space between the upper and lower layers when actuated, keeping the layers
parallel. Potential applications for this type of mechanism may include deployable sprinkler heads
or cameras, reconfigurable armor or protective covering, kinetic insulation, and reconfigurable interface surfaces that would morph according to user need. An analysis of three deploying-layer
LEMs follows.

5.1.1

Nuremberg Scissor MLEM
The Nuremberg scissor mechanism, shown in Fig. 5.1, consists of two crank links, each

hinged to one layer and sliding along the opposite layer. They are interlocked at the center to
maintain correct form as they are actuated. Actuation is through an in-plane slider within the lower
layer.
Analysis of this mechanism reveals that it has advantages in its large vertical displacement
(z-direction) with little to no motion in the slider direction (y-direction). It has a disadvantage in
its use of two sliders, one on top and one on bottom, which comprise an overall increase in friction
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Figure 5.1: A Nuremberg scissor deploying mechanism [Gollnick]

in the system compared to other types of deploying mechanisms. However, this added friction may
be offset by the fact that the joints in the mechanism have very low stiffness. Another disadvantage
is that assembly of the mechanism cannot be accomplished in a simple vertical succession of layers
because the scissor is composed of two interlocking layers. Additionally, a stress is induced around
the interlocking point in these layers when the mechanism is in its flat or un-actuated state because
the layers essentially twist around each other.
To remedy these disadvantages while maintaining the advantages, a new pseudo-Nuremberg
scissor deploying LEM has been designed. Instead of an overlapping scissor the mechanism uses
two crank-sliders, one on top and one on bottom, in a mirrored configuration. The crank link of
the lower crank-slider is connected to the slider link of the upper crank-slider by an intermediate
layer that is only the size of those links combined. A first prototype is shown in Fig. 5.2.
The problem with this prototype is that when the actuation slider (at the bottom layer) is
pulled, the top layer is not forced to rise. This issue can be remedied by extending the size of
the intermediate layer to full size (keeping its movable link for the scissor), and attaching crank
links at the ends. A kinematic model of this improvement is shown in Fig. 5.3. Note that the
center layer displays a small amount of motion in the slider direction (y-direction) as it deploys,
but the top layer has very little motion in that direction. The very slight y-direction motion in the
top layer occurs due to the offset in the attachment of the pseudo-scissor mechanism. As both
crank-sliders deploy, the upper one travels slightly in the y-direction relative to the lower one. The
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Figure 5.2: The first prototype pseudo-Nuremburg scissor deploying LEM

design implication of this is that one of the crank links attaching the top layer to the middle layer
must have some flexibility in the y-direction, either by means of a slider or a stretchable hinge.
Notably, the y-direction motion of the top layer can be minimized by minimizing the thickness of
the layers.

Figure 5.3: A kinematic model of the linkages for an improved pseudo-Nuremburg scissor mechanism, showing the crank links that attach the layers at the ends

Ultimately, a designer must select the linkage design that works best for a specific application, knowing that these options exist. For example, the simple Nuremberg scissor mechanism
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presented by Gollnick may actually be a better option in a case where the manufacturing method
is unimportant.

5.1.2

Crank-Slider and Parallel-Guiding MLEM
The Crank-Slider and Parallel-Guiding mechanism in Fig. 5.4 has a linkage consisting of

a crank-slider mounted on the lower layer, with its crank link attached to one of the crank links of
a parallel-guiding mechanism mounted on the upper layer. It is actuated by an in-plane slider.

Figure 5.4: A crank-slider and parallel-guiding mechanism for a deploying-layer LEM [Gollnick]

Upon analyzing this mechanism, it can be seen that its advantages include its simple assembly and that it carries no internal stresses in its un-actuated state. However, the top layer has
significant displacement in the y-direction. This undesirable y-displacement is proportional to the
sine of the angle of the internal moving links.
Although this LEM is actuated by an in-plane slider, it could be actuated by an out-of-plane
moment directly on a link of the parallel-guiding mechanism which would negate the need for the
crank-slider. Eliminating the crank-slider would simplify the linkage and reduce friction to zero;
the only resistance to actuation would be the stiffness.
This mechanism has relatively low friction and moderate stiffness. Its simplicity makes
it a strong candidate for a deploying mechanism whose y-direction motion is unimportant. This
would be determined by a designer, depending on the application desired. As this parasitic motion
is likely a disadvantage in most if not all deploying mechanism designs, this type of linkage may
not be appropriate for all deploying LEMs.

46

5.1.3

Crank-Slider and Platform MLEM
The Crank-Slider and Platform mechanism in Fig. 5.5 has a linkage consisting of a crank-

slider that pushes upward on the upper layer as it is actuated by an in-plane slider. LEM springs at
the corners of the upper layer attach it to the lower layer and maintain its orientation as it deploys.

Figure 5.5: A crank-slider and platform deploying-layer LEM [Gollnick]

Through analysis one can see that, similar to the previous mechanism, this mechanism
involves simple assembly and carries no internal stresses in its un-actuated state. In contrast to the
previous mechanism, it has little to no displacement in the y-direction, which is another advantage.
The disadvantage of this mechanism is that the crank-slider scrapes along the top layer as it pushes
it up. The joint of the crank displaces in the y-direction but the platform is constrained not to do
so. This scraping not only causes extra actuation effort due to friction, but it would be a cause of
reduced mechanism life due to wear. This mechanism is also the most stiff of the three, due to the
corner springs.
If Link 2 (the “crank”) of the crank-slider is longer than Link 3 (which leads down to the
slider), the y-direction displacement of the joint is reduced. An infinitely high ratio of Link 2 / Link
3 length would reduce this undesired displacement to zero. Unfortunately, in practice, the length of
Link 2 is constrained by maintaining the mechanism footprint within reasonable dimensions, and
the length of Link 3 dictates the height of deployment so it should not be too short. Thus, some
y-direction displacement of the joint between links 2 and 3 is inevitable.
As a method of reducing both friction and wear, a durable, low-friction material could be
used as a coating at the interface, or to compose the upper layer itself. Alternatively, a slider could
be incorporated into the base of upper layer, attached to the top joint of the crank-slider with the
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goal of reducing the sliding friction. Whether the friction can actually be reduced by the latter
method is a question that can only be answered through further prototyping.
To reduce the stiffness of this mechanism, the corner springs can be extended to each
include three or four links rather than just two. The downside of this, however, is that the parasitic
motion of the top layer would increase, so a designer should weigh the options depending on the
design goals.

5.2

Guided-Cell Array
A guided-cell array would include an upper layer of cells that would likely each be flat but

tiltable, and lower layers consisting of the connections to the actuators as well as LEMs to push
the cells up at their sides. To have more than one degree of freedom, at least two separate tilting
mechanisms should be integrated. Three or four tilting mechanisms under each cell would allow
even more degrees of freedom.
Gollnick’s square actuation cell is shown in Fig. 5.7. The beams on both layers would be

Figure 5.6: Layout of the two layers of a cell that would be actuated by connected sliders from all
sides. The lower layer is on the right [Gollnick].

connected at their free ends, toward the center of the mechanism. When the lower layer (on the
right) is actuated by an in-plane force, the closest beam to that slider would move upward while the
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opposite beam would move downward. This mechanism was a conceptual design and obviously
needed some refinement before an upper layer could be attached to it. Nevertheless, insight can be
gained from this concept.
Through analysis of this concept, one lesson that can be learned is that an upper layer
cannot be directly attached to the ends of the beams because when these ends move up or down
relative to each other, the upper layer would interfere with the beams. Another apparent problem
is that when a slider is actuated, the sliders that are offset 90◦ would be forced to move sideways
relative to their own actuation direction. Additionally, the slider opposite the actuated slider would
move in the opposite direction and thus would need the freedom to do so.
To remedy this problem, a new deploying cell has been designed with three independent
sliders as shown in Fig. 5.7. The three in-plane sliders would each actuate a crank-sliding mechanism, and the joint of each crank-slider would push up on a side of the cell, pictured on the left.
Note the LEM spring in the center, which would be the attachment point for the platform. When
one crank-slider pushes up on the platform, the spring would displace approximately half of that
vertical distance.

Figure 5.7: Layout of the top three layers of a cell that would be actuated by independent sliders
on three sides. From left: top layer; middle layer with mount and crank-sliders; lower layer with
sliders.
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Although further work may need to be done to arrange the details of the lower actuation
layers as arranged in an array, this guided cell mechanism design shows the feasibility of the LEM
spring as a platform mount, and of independent sliders underneath it.
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CHAPTER 6.

6.1

CONCLUSIONS AND RECOMMENDATIONS

Conclusions
LEMs demand actuation methods that are consistent with their advantages and can be incor-

porated into their design. This renders the more-traditional actuators (such as motors, pneumatics,
and hydraulics) impractical for integrated (internal) actuation, but adaptations or other existing actuation approaches may be well-suited for LEMs. This thesis has described the needs for LEM
actuators and developed design guidelines for incorporating actuation into LEMs.
The practicality of an actuator depends in part on whether it will be used externally or internally with a LEM. Some LEMs may have the available space around the periphery to justify the use
of traditional actuators placed there with extensions to reach into the LEM. Actuator practicality
also depends on the LEM application; for example, SMAs may not work well with a LEM whose
actuation must be rapidly repeatable, but they may be the best choice for a one-time-actuated LEM.
Existing devices to act as integrated actuators were studied to evaluate their feasibility in
the context of LEMs. These were SMAs, piezoelectrics, and DEs. Each of these actuators can be
triggered by common methods, comes in sheet form, can be made from common materials, and
can achieve forces and/or moments in directions that can set LEMs into motion. Through research
and testing it was found that each of these actuators has limitations and challenges in LEMs, some
of which should be addressed through further research, but that they could each be used for specific
purposes in LEMs. SMAs were deemed especially feasible, and all four types of actuation motion
were demonstrated with mechanism prototypes.
The principles behind some traditional actuators can be adapted to forms that are more
compatible as integrated actuators for LEMs. The most feasible of these is a low-profile solenoid.
Trends have been estimated mathematically to show the effect that varying aspect ratios, coil densities, and free-space gaps have on the actuation force of a solenoid. The trends indicate that
although the most LEM-compatible characteristics (higher aspect ratios and lower coil densities)
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would decrease the maximum output force, usable force can still be achieved. Tests have been
performed with physical prototypes to validate the analytical results. The results of these tests
indicate that high-aspect-ratio solenoids can indeed achieve high forces.
A LEM pseudo-solenoid was built which successfully demonstrated a new manufacturing
method more compatible with LEM technology. Despite the low output force of this prototype,
different components and construction methods for a LEM pseudo-solenoid have been described
that would increase the output force to desirable levels.
This research composes the groundwork for further development and commercialization
of LEMs, because many useful LEMs would require actuation. Of special interest are deployinglayer LEMs and guided-cell arrays. Ideas and considerations regarding the design of each of these
mechanisms have been discussed.

6.2

Recommendations
This thesis has explored the actuators that could be used with LEMs both internally and ex-

ternally. It has also explored the feasibility of low-profile, high-aspect solenoids as new integrated
actuators for LEMs. During this work, areas have been identified for further development of these
concepts.
• Many possibilities and considerations regarding deploying-layer LEMs have been discussed.
It is recommended that more specific applications be studied and designed, with a possible
end result of marketability.
• It is recommended that guided-cell LEM arrays be further developed to find the optimal
configuration of each layer to minimize friction and maximize available motion for each
cell.
• Several concepts have been introduced for external LEM actuation, especially for arrays. It
is recommended that these concepts be tested with arrays to prove their feasibility and to
refine their design.
• The feasibility of high-aspect-ratio solenoids was analyzed and tested to a degree. It is
recommended that further prototyping work be done in investigating the feasibility of LEM
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pseudo-coil solenoids and electromagnets, and in developing manufacturing processes for
these actuators that meet the goals of simplicity and low cost.
• It is recommended that the ways to increase the output force of a low-profile, low-coil
solenoid be investigated in regards to design methods for accomplishing specific design parameters. Primarily, a way to increase the coil density (whether by placing small strands
closer together, stacking multiple layers, or both) would be ideal. Also, having the smallest
possible free space gap would prove very beneficial. Additionally, because existing electromagnetic technology often utilizes multiple wires in parallel to compose a coil, it is recommended that parallel wires be investigated to see if better output forces could be achieved for
LEM-compatible solenoids and electromagnets.
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